It is very important to improve the overall efficiency of systems with a source of power that has low-voltage high-current terminal characteristics such as fuel cells. A resonant converter is required for high efficiency systems. However, the peak value of the switches current is large in a resonant converter. This peak current requires a large number of switches and results in system failures. In this paper, an analysis and experiments of a resonant isolation push-pull converter are performed. A switching loss analysis is performed in order to compare losses between a resonant push pull converter and a hard switching push-pull converter. Specially, the conduction loss is studied based on the ratio between the resonant frequency and the switching frequency. In addition, a method for improving the efficiency is implemented with conventional HF insolation converters.
I. INTRODUCTION
Nowadays, the interest in clean energy has been focused all over the world because of environmental pollution caused by the fossil fuels. Solar, wind, fuel and biomass are promising sources of clean energy. Moreover, the Korean government has declared a policy of 'Lower carbon and Green growth' for the national development of renewable energy. The usable output of wind and solar energies is dependent of environmental conditions such as the weather, the wind speed and the insolation level. However, regardless of these external conditions, the output energy can be maintained at an acceptable level with fuel cell systems. At the moment, renewable energy sources such as FC (Fuel Cell) energy with hydrogen fuel can be regarded as the most promising for use in the near future. However, a fuel cell stack has a relatively low voltage and a high current, plus the characteristic of a large voltage drop when increasing the current. [1]-[5] A FC stack can be regarded as a low-voltage high-current (LoV-HiC) system. Recently, a lot of development has been done on inverters. As a result inverters with an efficiency of 95% are available on the global market. However, most of converters have an efficiency that is lower than 90%, which means that they need to be developed to achieve a higher efficiency. [6] In a LoV-HiC PCS (Power Conditioning System), the DC/DC converters are classified into four typical types: non-isolated boost converters, isolated converters, two-stage converters and PISO connection resonant converters. In a non-isolated boost converter, a single non-isolated boost converter results in a large input current ripple, and hence an interleaved non-isolated boost converter is used for reducing the current ripple.
[7~9] Also in an isolated converter a line frequency transformer should be used for the galvanic isolation between the input and the output, which could cause disadvantages such as a high cost and a large volume. HF (high-frequency) isolated converters of the FB (Full-Bridge) and PP (Push-Pull) types can be used to overcome these disadvantages. Since these converters are hard-switching, their efficiency is relatively low.
[10]-[14] For higher efficiency resonant type converters are needed. However, it is not easy to apply a resonant converter to LoV-HiC systems such as fuel cells because a resonant converter with a fixed duty cannot control the output voltage. Therefore there are two choices for controlling the output voltage: the two-stage converter and the PISO (Parallel-Input Series-Output) converter structures. In the two-stage converter the output can be controlled by hard switching the boost converter, but the efficiency becomes lower because of hard-switching [15] . The PISO structure is composed of several fixed-duty resonant converters, which maintain the DC link voltage level to within an acceptable range by changing the connection of the converters according to the different input voltages [16] . Fig. 1 . Power circuit of resonant push-pull converter.
Since the PISO structure has the same circuit as the dc resonant topology, a single DC/DC resonant converter is designed and analyzed in this paper. A 1 kW resonant push-pull (PP) converter is theoretically investigated and then experimentally implemented. In addition, a loss analysis is studied and compared to the resonant push-pull converter and hard-switching converters in various schemes for improving the overall efficiency. Also a factor K is suggested to investigate the relationship between the switching frequency and the resonant frequency for the conduction loss of switches. Finally, the overall efficiency of the resonant converter is found and then compared with the those of different hard-switching converters. In the resonant PP converter, the characteristic of high efficiency can be shown and proven theoretically and experimentally. Fig. 1 shows the power circuit of the resonant push-pull converter topology studied in this paper. It consists of a resonant push-pull converter and a voltage doubling circuit. The former is composed of two MOSFET switches, which enable the magnitude of the output voltage, . It is important to determine the leakage inductance of the HF transformer, which can be regarded as a physical structure such as the core, winding, gap size, and thickness of the isolation between the conductors.
II. RESONANT PUSH-PULL CONVERTER

A. Basic Structure
B. Proposed PISO Structure
To operate an inverter stably its DC link voltage should be maintained within an acceptable range. However, because a resonant converter cannot control its output voltage or the DC link voltage of the inverter, a special structure such as a PISO connection can be considered as in Fig. 2 . Its structure can be determined according to several factors such as variations of the input voltage, the loading conditions, the number of resonant converters, the transformer ratio and the allocated power capacity. The connection of four resonant converters should be made considering these factors. 
III. CIRCUIT ANALYSIS
Each converter of the PISO connection in Fig. 2 has the same circuit topology as the resonant push-pull type. As a result, the analysis for a resonant push-pull converter can be made in this paper. Suppose that the energy is charged completely at the output capacitor of Fig. 1 
When the switch SW 1 is turned on at t = 0, the waveform of Fig. 3(b) , appears at the primary side of the HF becomes a square wave, as in Fig. 3(c) , which is applied to a loop composed of the secondary winding resistance 2 R , the leakage inductance 2 L , diode and capacitor .
The following expression of is obtained since
A. Secondary and Primary Transformer Currents
To find the secondary current , it is necessary to get the relationship between the capacitor voltage and the secondary current . If the Kirchhoff current law is applied to node A together with (1), then the relationship between and is obtained as:
Therefore equation (2) can be expressed by using (3) as: where .
By differentiating (4) and then rearranging, the following equation can be obtained as: tained from (5) as:
where  is the phase angle, which becomes zero from the initial condition of . Therefore the secondary current becomes a slightly distorted sinusoidal wave as:
In addition, the primary current flows like the secondary current:
Since the secondary winding resistance 2 R is actually measured as 0.1 [Ω] in the experimental circuit, it can be neglected. Then both the primary and secondary currents of the HF transformer can be represented ideally as:
Fig . 4 shows the waveforms of (7) and (10) Actually both currents become closely sinusoidal as shown in Fig. 4 , and hence the soft switching can be achieved. As soon as the switch SW 1 is turned on at the time instant t=0, the secondary current becomes sinusoidal, and then it stops Assuming the constant average in the doubling circuit, the coefficients of secondary current can be obtained as:
The relationship between and is obtained as:
The peak time instant of is obtained as:
Therefore, the peak value sp I of can be expressed as:
B. Capacitor Voltage and Output Voltage
To find the capacitor voltage, it is necessary to know the leakage inductance of the HF transformer and also to set the switching frequency sw f . As shown in Fig. 4 , the switching frequency should be set lower than the resonant frequency
. Therefore a capacitor should be chosen that satisfies the relationship of:
Because the secondary current has already been found as in (7) (16) 
IV. POWER LOSS AND EFFICIENCY
A. Power Loss i r major n a Resonant Push-Pull Converter
A resonant push-pull converter consists of fou components which consist of power switches, an HF transformer, diodes and capacitors. Table I shows the specifications of the used devices in a resonant Push-Pull converter. Loss of the four major components can be found as follows:
oss sses of the hard switching scheme are defined
here: Fig. 5 , the lo as the sum of the on-transient, off-transient and conduction losses. So the switch loss of the hard switching scheme can be expressed as:
and on t = turn-on transient time,
ime.
wever, the switch current flows in a sinusoidal form, as Fig. 3(c) . Therefore, the sum of the two diode currents is equal to the secondary current. In addition, the diode voltage drop An EE type to transformer core (EE706 ) is selected due 6, ISU its high permeability and low loss characteristics. In addition, it has a primary winding of 5 turns, and a secondary winding of 18.5 turns. Hence the turn ratio is set to 0.27. Also litz wire is used to reduce the copper loss.
4) Capacitor Loss
The two capacitor currents have the same waveform but opposite polarities, as can be seen in Fig. 3(f) . Let the equivalent series resistance (ESR) be equal to 
Here metalized polyester film (B32592) type capacitors are c hosen for high-frequency use. Therefore, the total losses can be expressed as:
Therefore the efficiency  of the resonant PP converter can be found as:
where
B. G neralized Analysis of the Switch Conduction Loss in a Resonant Push-Pull Converter
The conduction loss of a resonant e PP converter is larger than that of hard switching converters because of its larger current. Here, the switch current of the resonant PP converter is represented as:
ideal case :
ii) practical case :
The hard switching current in the conduction time is defined as H I . The average value in the conduction time can be represented as (30), which is for finding the average resonant switching current in the conduction time. 
1) Conductio s by the K n Los
factor: For finding the conduction oss of the resonan ching by variation of the switching l t swit frequency, the ratio of the switching frequency and the resonant frequency is defined as K, which can be expressed as:
The sw Here, the conduction loss by K can be expressed as:
he Switching Frequency: The switching frequency is an important factor for the stable and effi operation of a system. This is because the switching freq is changed with the peak value of the switch current. The , which represents K and should as low as possible to reduce the power loss of the resonant current. The conduction loss is inversely proportional to K. The dotted line of Fig. 7 repr the peak value of the transformer reduced to 3.14, 2, and 1.57 for each K of 0.5, 0.75 and 1.0. The larger current can damage the switches and result in transformer saturation. For a stable and high efficiency DC/DC converter, the switching frequency should be set near the resonant frequency. In addition, the practical resonant frequency is a little lower than ideal case. Therefore, the switching frequency should be set through repeated experimentation.
2) Considerations on t cient uency
C. Loss Comparison of Different Converters
FB and PP converters of the hard switching type are studied and then compared w esents primary current as a factor of K. The switch current becomes ith a PP converter of the soft switching pe. ty Table II . Through the simulation, the current waveforms o ransformer secondary, diode and switches are obtained, as can be seen in Fig. 9 . Therefore, the voltage and current do not overlap at the turn-on and turn-off points. To avoid an infinite input current, the dead time ∆ is set to 2% of one period (actually 0.93[μsec]). If both of the switches are under the turn-on state, the magnetic fields of the HF transformer cancelled each other out.
Hence the input current flows only at the MOSFET's low on-resistance. The relationship between C out and the resonance frequency is simulated, as can be seen in Fig. 10 . When increasing the output capacitor, the frequency of the transformer secondary current d f is decreased. If the output capacitor is set to a value larger than 6 r C , the frequency is kept at an almost constant frequency of 21kHz. In addition, the ripple of the output voltage is simulated by the variation of the output capacito out as in Fig. 10 . r C
The ripple is kept l r than 1[%] when the output capacitor is owe more than 5 r C . Therefore, output capacitor can be designed to have a small value while keeping a low ripple. The normalized loss in the resonant PP converter is shown in Table III. In the resonant PP converter, the largest loss is dissipated at the transformer an the secondary largest loss is at the switches.
B. Experiment on a Resonant Push-Pull converter
The efficiency and resonant characteristics are evaluated at the rated input voltage (Vin =50[V]) according to variations of the load. The efficiency is measured by a PM3000 d A red by a (Voltech-power analyzer). And the waveform is captu Waverunner (Recroy-scope). The voltage and current waveforms of the resonant push-pull converter are shown in Fig. 11 . It can be seen that the currents of the switches, transformer and diodes become almost sinusoidal. As with the previous simulation result, an overlap (between the voltage and the current) does not occur. In Fig. 11 , the current waveforms of the switches are different from each other. This is caused by the leakage inductance of the primary winding, since the two windings of the primary side are not exactly equal to each other. This is not an important defect of the system operation. 
C. Improving efficiency in Hard switching Type Converters
The main components of the losses in the hard switching converter of a PP converter and a FB converter can be classified as follows: the diode, the switch (MOSFET) and the core. To improve the efficiency, the ultra-soft diode is replaced by a Schottky diode in the rectifier circuit. In addition, the MOSFET's are connec e inductor core of ted in parallel, and th the filter is changed. As can be se in Fig. 12(a) and Fig. 13(a) , as a result of the changed Schottky diode, the efficiency is en improved by approximately 3% in the full-bridge converter, which is caused by the zero reverse recovery time in the Schotty diode. By paralleling the MOSFET's, as in Fig. 12(b) and Fig. 13(b) , the efficiency is improved by roughly 1~1.5% in the FB and PP converters. However, there is no big difference when comparing the paralleling of two and four MOSFETs. Therefore, the paralleling of two MOSFET's is suitable and recommended in terms of size, volume and price. When changing the inductor cores (MPP, Sendust, High-flux), as in Fig. 12(c) and Fig. 13(c) , the efficiency improvement is not large. In the experiment result, the FB converter is shown to have a 93% (approximately 3% increase) converter efficiency. However, that requires to many improvements when considering the efficiency of the whole system. Table IV shows a comparison of the switch loss. The switch loss in the PP converter is small because it has fewer switches than the FB converter. In addition, the switch loss of the resonant converter is 44% of the FB converter loss. Table V expresses the total loss of the converters. In the hard switching converter type, the efficiencies of the FB converter and the PP converter are measured at 90.06%, 91.12% respectively.
In the comparison of the hard switching converters an the has a higher efficiency characteristics unde the light load condition. It a ested for the analysis of e conduction loss and the peak current value in the resonant P converter. In addition, the conduction loss of the switch and the peak value of th the K factor. This an be utilized to design the relationship between the switching fr ] R. O'Hayre, Fuel cell Fundamental, 1st Conf., Vol. 1 , pp.196-201, 1992. M. M n a resonant isolation push-pull converter. The switching loss analysis is performed in order to compare the losses between the resonant push pull converter and a hard switching push-pull converter. In particular, the ratio of the switching frequency and the resonant frequency K is sugg bridge converter for the use in three phase grid connected fuel cell s tems," 
